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engines, CO, CO2 and HC emissions generated by marine diesel engines are much lower, 25 whereas NOx emissions are severely deteriorated. Although after-treatment devices are 26 effective in reducing emissions, the optimisation of engine combustion is still of great 27 significance. However, combustion is very susceptible to the match status of the fuel injector 28 and combustion chamber. A lot of meaningful work has been done on this subject, Taghavifar 29 et al. [1] studied the effects of bowl movements and radius on mixture formation in terms of 30 homogeneity factor, combustion initiation and emissions for a 1.8 L Ford diesel engine. They 31 pointed out the mixture uniformity increased as the bowl displacement toward the cylinder wall, 32 but got penalty of a rise of combustion delay which substantially reduces the effective in-33 cylinder pressure. They also found that smaller bowl size contributes to better squish and vortex 34 formation in the chamber, although with lesser spray penetration and flame quenching. Park [2] 35 used a micro-genetic algorithm coupling with a KIVA code to optimise combustion chamber 36 geometries and engine operating conditions for an engine fuelled with dimethyl ether. He found 37 the combustion and emission characteristics were significantly different from that of 38 conventional diesel engines. Mobasheri et al. [3] investigated the influence of a re-entrant 39 weighted sum method must be adopted to transfer it to a single objective optimisation problem. 115
The formula of weight sum method is 116
In (2) In this paper, the merit function is built in(3) to reduce the NOx and Soot emissions, and 121 minimise the fuel consumption rate as well. The weights are given according to experience and 122 literature [10] . 123 
MOGA 126
The GA is based on the idea of natural selection which obeys the law of 'survival of fittest'. It 127 can continually improve the average fitness level of a population by means of inheritance, 128 mutation, selection and crossover, eventually leading to an optimum design [22] . MOGA is the 129 modification version of GA in order to find a set of multiple non-dominated solutions in a 130 single run [23] . 131 8 
Pareto optimum 132
Pareto optimum is often adopted in multi-objective occasions, as shown in Fig. 1 
MOGA's mission is to find the Pareto 138 optimums while keeping diversity in the results [6] . 139 perceptrons [24] . 148 9 The neural networks used here is a classical feedforward one, with one hidden layer and an 150 efficient Levenberg-Marquardt back propagation training algorithm. Levenberg 
Engine specification 156
The main specifications of the marine medium-speed diesel engine and fuel injectors are 157 presented in Table 1 . It is an in-line type four stroke diesel engine with six cylinders. Its rated 158 speed and rated powers are 1000 rpm and 540 kW respectively. The spray orifice distribution 159 of original injector of mechanical fuel injection system is 9*0.28 mm, which is replaced by an 160 electronic fuel injector of 9*0.23 mm for the performance and emission prediction study. 161 162 
Simulation model 165
Simulations were conducted by using a series of AVL FIRE software. Here, the k-zeta-f [27, 28] 166 turbulent model for high Reynolds numbers was adopted to describe the flow field inside a 167 combustion chamber. Stand wall function was used to describe heat transfer of wall. Piso 168 algorithm [10, 29, 30 ] was adopted here to solve the highly unsteady state flow of combustion 169
problem. In terms of fuel spray model, Dukowicz [31] model was applied for handling the heat-170 up and evaporation of fuel oil droplets. Moreover, Wave [ 32 , 33 ] 
break-up model and 171
Walljet1 [34, 35] wall interaction model were used respectively. The Eddy break-up model [36, 172 37] was introduced in the calculation of combustion. With regard to emission models, extended 173
Zeldovich [38] was adopted for NOx emission model while Kinetic for soot emission model 174 [39, 40, 41] . 175 176
Model verification 177
A FIRE simulation model of the original diesel engine was executed on the condition of rated 178 engine speed and four engine loads. Light diesel fuel oil (represented by DIESEL-D1 in AVL 179
Fire software) is used in the calculation. LDO is a blend of distillate fuel with a small proportion 180 of residual fuel. Thus, a number of properties must meet standard requirements for a fuel to be 181 classified as light diesel oil. The standard requirements were reported in Table 2 [42]. In order 182 to improve the convergence at the beginning of the calculation, the initial calculation step is 183 11 set to 0.2 CA. Then, 1CA is adopted at compression stroke to accelerate calculation and save 184 time. However, at injection stage, precision is emphasised by reducing calculation step to 0.2 185 CA again. In expansion combustion stage, 0.5 CA is adopted. With regard to average mesh 186 size, Abraham [43] recommended the mesh size to be on the same length scale with nozzle 187 diameter. Thus, the average mesh size is set to 1mm, totally 125k cells were calculated. Fig. 2  188 shows the mesh of original combustion at 0 deg CA (TDC), 64.5 deg CA and 180 deg CA 189 (LDC), which are described by (a), (b) and (c) in Fig. 2 respectively. The mesh at TDC has 190 minimum cell numbers of 4063 while the mesh at LDC has maximum cell numbers of 15833. 191 
Optimisation settings 229
The optimisation settings of the NLPQL algorithm are listed in Table 4 . Latin hypercube 230 method was used before NLPQL algorithm each time during the optimisation process. 231 16 Maximum number of iterations 20
Step size for finite difference step 0.001 Accuracy 1e-05
234
The optimisation settings of MOGA are listed in Table 5 . Distribution for crossover probability 235 and for mutation probability both set as the default value 10. Generation number of 10 and 236 population size of 20 are adopted here. Usually, crossover probability and mutation probability 237 are set to 0.7 and 0.1 respectively. 238 239 design with the best trade-off between NOx and soot was selected as the optimal design. Here 279 the optimal design is Run ID 14, which was also represented by OPT_M and marked with a 280 blue diamond point. Comparing to the baseline design, the optimal design achieves a reduction 281 of NOx emissions by approximately 44%, soot emissions by 33%, whereas gets a penalty of 282 SFOC increase by nearly 15%. As shown in Table 6 . Table 7 gives the details information about the best sub-objectives of NLPQL algorithm and 293
MOGA. The light blue background in Table 7 brings out the minimum values that each best 294 sub-objective case can achieve. Comparing to the baseline design, regardless of the huge 295 reduction achieved by both algorithms, here more attentions are paid to the differences between 296 these best sub-objectives obtained by NLPQL algorithm and MOGA. As it can be seen that 297
NOx_M shows an overwhelming lower sub-objectives than that of NLPQL algorithm. The 298 sub-objectives of best soot designs were approximately the same. The best SFOC cases of both 299 algorithms were reported to have approximate the same SFOC and extreme heavy NOx 300 emissions. However, a slightly lower soot emissions were gained by SFOC_M. 301 302 Table 8 shows the design parameters of the best sub-objective designs. Some commonalities 306 were apparent that low NOx designs prefer late injection and small swirl, while low SFOC 307 designs are relating to early injection, large swirl and large nozzle protrusion length. Detailed 308 explanations will be given later. 309 310 Generally, MOGA is more time consuming, but gains a better design in each sub-objective and 313 offers more feasible Pareto designs. The design with better balance among sub-objectives can 314 be achieved effectively by MOGA. From the mechanism of NLPQL algorithm, a better starting 315 point is crucial to the results. If the optimal design provided by MOGA was set to the starting 316 point of NLPQL algorithm, a better optimum may turn up. 317 25 
Combination optimisation of NLPQL algorithm and MOGA

318
Since the starting point provided by MOGA is supposed to be a good starting point, thus, a 319 smaller scope for each design parameter was defined, as shown in Table 9 . 320 321 Bowl diameter, mm 2*h001 120. Table 10 reported the detailed information about the values of design parameters of the baseline 342 design and optimal designs. Comparisons of combustion chamber shapes were shown in Fig.  343 15, and the combustion details were given in depth by both Fig. 16 and Fig. 17.  344 
345
In Fig. 15 OPT_M&N both have large centre crown height, the effects of it may be far from to be noticed, 362 due to volume increment happens in the centre of the piston and small swirl is applied. 363 29 Another obvious fact that optimal designs OPT_M and OPT_M&N also prefer late injection, 365 low swirl and large spray angle, as it can be seen in Table 10 . Late injection offers less time 366
for fuel-air mixing, large spray angle results in some fuel adhering on the bottom of the piston 367 head and on the surface of bowl area. Because of the low swirl in the combustion chamber, two 368 separate high fuel density areas were spotted in Fig. 17 . All of these lead to inadequate mixing. 369
The pent-up rate of heat release and incomplete combustion suppress the maximum 370 temperature, which is unfavourable for NOx generation. That's one of the main reasons for the 371 low NOx emissions achieved in both the MOGA and combined method. The detailed evidences 372 are provided in Fig. 16 (a) , (b) and (c). Significant high soot formation rates resulting from 373 inadequate mixing were seen during combustion progress in both optimal designs of MOGA 374 and combined method. As shown Fig. 16 (d) . However, high soot formation rates do not 375 necessarily mean high soot emissions in the end thanks to the high rate of soot oxidation offered 376 by high temperature in the afterburning process. The high temperature in the afterburning 377 process is the side benefit of late injection because more fuel was burned in post combustion 378 stage than the baseline and OPT_N design. Incomplete combustion occurred in these optimal 379 designs brought up high fuel consumption rate as well. High swirl ratio is beneficial for fuel-380 air mixing, this can be proved by Fig. 17 , where the injection jets were distorted to be 381 asymmetric. In 60 CA ATDC, a more homogeneous fuel distribution was seen in baseline and 382 OPT_N designs, followed by a higher rate of heat release and maximum temperature, which 383 encourages NOx formation and suppress soot generation, as shown in Fig. 16 . 384 385 
RSM analysis
393
RSM was used to gain a better understanding of the influences of important design parameters 394 on sub-objectives. Since a larger data set was obtained from MOGA, it is more suitable for 395 RSM analysis. SS-ANOVA algorithm was used to detect the most important design parameters 396 prior to building RSM functions. Results were shown in Fig. 18, Fig. 19 and Fig. 20 . SOI has 397 the largest effects on NOx and SFOC, followed by SR or h001. Combustion chamber 398 parameters have a larger impact on soot than other parameters, and the bowl diameter is the 399 most influential one. Only the parameters ranked first three were selected for generating RSM 400 functions. The RSM contour charts were generated by these important parameters on sub-objectives, as 409 shown in Fig. 21 . NOx, soot and SFOC were represented on the first row, second row and third 410 row respectively. From the first row, SOI has an approximate uniformly distributed impact on 411 NOx, i.e. NOx decreases with the increase of SOI. SR has a significant influence when it is 412 larger than 2, which greatly deteriorates NOx emissions. SFOC increases with the increase of 413 SOI, which is also the most influential factor. Reasons were already discussed in previous 414 section. The second row indicates that a large amount of soot would be generated in the 415 condition of h001 larger than 62mm and v003 lower than 6.8mm. 416 Reference
